Polymer composites of magnetic particles are widely used as microwave absorbers. An effective method for obtaining thinner microwave absorbers for device design is increasing the volume fraction of magnetic nanoparticles by enhancing the permeability of composites. In this study, composites were prepared using Ni-Zn ferrite nanoparticles surface-modified with 4-META (4-methacryloylioxyethyl trimellitate anhydride) and cross-linked with PEG-4SH (pentaerythritol tetra-polyethylene glycol ether with four thiol-modified terminals). These composites have a high volume fraction of nanoparticles (up to 72 vol%) and permeability ( 00 r max ¼ 5:9). In addition, the prepared composites showed good microwave absorption properties (R:L: < À20 dB) with a smaller matching thickness than conventional microwave absorber using spinel-type ferrite.
Introduction
In the recent information-oriented society, the number of communication devices that utilize GHz-range microwave radiation has shown a great increase because of their high data transfer rates. However, as a consequence of this increase, the electromagnetic interference (EMI) is becoming a serious issue.
To prevent problems arising from EMI, microwave absorbers [1] [2] [3] using spinel-type ferrite 4, 5) or metallic magnetic materials [6] [7] [8] are reported. Microwave absorbers are materials that effectively attenuate the intensity of electromagnetic waves by absorbing them. Because of greater flexibility, in practice, microwave absorbers consisting of polymer composites of magnetic powders are preferred over those of sintered bodies.
With the current trend being to miniaturize electrical circuits, thinner microwave absorbers are also required in many devices. To achieve such a decrease in thickness, an effective method is increasing the volume fraction of magnetic powders in composites. In practical microwave absorbers, metal flakes with large aspect ratios are fabricated and mixed with resin to form an oriented microstructure. 9) The drawback to this method is that it involves long and complex processes.
Our recent work 10) has shown that the nanoparticlepolymer composites prepared using surface modification and cross-linking reaction had high volume fraction. This composites used 4-META (4-methacryloylioxyethyl trimellitate anhydride) 11) as a surface-modified agent and PEG-4SH (pentaerythritol tetra-polyethylene glycol ether with four thiol-modified terminals) as cross-linking agent. These composites (called as PEG composites) showed good microwave absorption properties with a smaller thickness than the epoxy resin composites. In addition, this method needs only the processes for polymer modification and formation of composites. However, permeabilities of these polymer composites were small because of magnetite (Fe 3 O 4 ) nanoparticles were used as magnetic nanoparticles.
In this study, such method was applied for Ni-Zn ferrite (NZF) as high permeability material. And the magnetic properties and microwave absorption properties of these composites were investigated. From the obtained results, the possibility of the present composites as microwave absorbers is discussed.
Experimental Procedure
NZF nanoparticles were synthesized by forced hydrolysis in diethylenglycol (DEG) as follows.
12) The starting materials, FeCl 2 Á4H 2 O (5.0 mmol) and Ni(NO 3 ) 2 Á6H 2 O (0.75 mmol), Zn(NO 3 ) 2 Á6H 2 O (1.75 mmol) were dissolved in 62.5 mL of DEG., and 50 mL of deionized water and Na(CH 3 CO 2 ) 2 were added. The mixture was then heated under reflux (during three hours) with mechanical stirring. The boiling point was maintained between 120 and 130 C. After cooling to room temperature, the products were washed with ethanol to remove the reaction residues. Then, the NZF nanoparticles were obtained.
The PEG composites were prepared by surface modification followed by a cross-linking reaction. Figure 1 shows the chemical structures of 4-META and PEG-4SH, as well as a schematic image of this process. First, 100 mg of NZF nanoparticles were added to a 4-META acetone solution (40 mL, 7.5 g/L, Sun Medical Co. Ltd.). After washing and drying the product, the 4-META-modified NZF nanoparticles were obtained.
These 4-META-modified NZF nanoparticles were dispersed in 1.5 mL of PEG-4SH (NOF Corporation) in acetone solution, where the polymerization degree, n, and the molecular weight, MW, of PEG-4SH were 55$57 and 10,000, respectively. With the total weight of 4-METAmodified NZF nanoparticles and PEG-4SH powders at 100 mg, the amount of added 4-META-modified nanoparticles, M, was varied from 80 to 95 mass%. The cross-linking reaction was run for 2 h, with sonication of the solution at intervals of 15 min. The cross-linked NZF nanoparticles were then dried and pressed into a toroidal shape ( out ¼ 7:00 mm, in ¼ 3:04 mm, t ¼ 0:5{1:5 mm). Hereinafter, this pressed sample is referred to as the ''NZFN/PEG composite''.
For investigation of influences of preparation processes and particle size for microwave absorption properties, the PEG composites and the epoxy resin composites of NZF particles with the size of several mm were fabricated. These samples are referred to as ''NZF/PEG composite'' and ''NZF/ER composite'', respectively. NZF/ER composites were prepared by mixing NZF particles with epoxy resin (Durofast, purchased from Marumoto Struers K.K.) and pressing them into a toroidal shape and sintering them at 180 C for 20 min in an Ar atmosphere. To test the samples, a number of techniques were used. The phases present in the samples were characterized by Xray diffraction (XRD). The microstructure and morphology were observed by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Magnetic properties were measured using a vibrating sample magnetometer (VSM).
From the scattering parameters, S 11 and S 21 , measured with the coaxial method using a vector network analyzer in the frequency range of 0.15-10 GHz, the relative complex permeability, r , and permittivity, " r , were calculated. " r and r are then used to calculate the reflection loss (R:L:) at a frequency, f , and a thickness, d, for each microwave absorber from the following formulae:
and
where Z in is the input impedance of the microwave absorber and Z 0 is the impedance of air. From the frequency dependence of R:L:, the absorption properties of the microwave absorbers were evaluated. When R:L: is less than À20 dB, the sample exhibits good microwave absorption properties. The thickness of a microwave absorber and the frequency corresponding to the lowest R:L:, are defined as the ''matching thickness'', d m , and the ''matching frequency'', f m , respectively. Hence, the product of f m and d m (the f Ád product) can also be used to evaluate the microwave absorption properties, with a smaller f Ád product suggesting a thinner microwave absorber can be used at the same frequency.
Results and Discussion
NZF nanoparticles were prepared by forced hydrolysis in DEG described in the previous section. Figure 2 presents (a) the hysteresis loop, (b) XRD pattern and (c) TEM image for this sample. The sample shows saturation magnetization of 59.4 A m 2 kg À1 , which is similar value of bulk NZF.
13) The XRD pattern shows a single spinel phase of NZF and the grain size of the sample is 15.0 nm calculated from the Scherrer equation, in agreement with the size observed in the TEM image. Therefore, the NZF nanoparticles with good crystallinity were prepared and therefore used in the preparation of the NZFN/PEG composites. Figure 3 shows the XPS (a) C 1s spectra and (b) Fe 2p spectra of the NZF nanoparticles, the 4-META-modified NZF nanoparticles and the cross-linked NZF nanoparticles. For the sample without surface modification, the two small peaks in the spectrum are considered to be from the solvent residue on the surface of the NZF nanoparticles. This is contrast to the spectrum of the 4-META-modified NZF nanoparticles, where three carbon components are observed as peaks due to the CH 2 , C-O and C=O bonds of 4-META. This suggests that 4-META was present on the surface of the NZF nanoparticles. In the C 1s spectrum of the cross-linked NZF nanoparticles, the three peaks are observed and the intensity of the CH 2 bond increases. This is attributed to PEG-4SH on the surface of nanoparticles because PEG-4SH has many CH 2 , C-O bonds. And the peak intensity of CH 2 bond increases after both the surface-modification and crosslinking reaction. On the contrary the peak intensity of Fe 2p 3/2 bond decreases (shown in Fig. 3(b) ). The ratio of the peak area of C spectrum on the peak area of Fe spectrum, S, also increases after each process. The S for the NZF nanoparticles and the 4-META-modified NZF nanoparticles, the cross-linked NZF nanoparticles are 0.04, 0.16 and 1.74 respectively, indicating that the surface of the NZF nanoparticles was modified with 4-META and PEG-4SH after each process.
To confirm that the cross-linking reaction had occurred, a XPS S 2p spectrum of the cross-linked NZF nanoparticles was compared with that of PEG-4SH powders. The result of this comparison reveals a peak shift from 161.6 eV to 163.7 eV after the cross-linking reaction (Fig. 3(c) ). The shifted peak is thought to be a result of the formation of C-S-C bonds. 14, 15) Hence, Fig. 3(c) indicates that the cross-linked NZF nanoparticles were obtained because the thiol groups of PEG-4SH were bound chemically to the 4-META-modified NZF nanoparticles.
Then, NZFN/PEG composites were fabricated using the cross-linked NZF nanoparticles. In addition, NZF/PEG and NZF/ER composites were also fabricated for comparison of magnetic properties and microwave absorption properties of each composite. Figure 4(a) shows the relationship between the amount of NZF particles added to each composite, M (mass%), and the volume fractions of these particles, V (vol%), where, V is given by d NZF ¼ 5:2 Mg m À3 ). From Fig. 4(a) , it can be seen that, in all cases, V is larger for the NZFN/PEG composite than the NZF/PEG and the NZF/ER composite at the same value of M, and V for the NZFN/PEG composite increases with M until reaching a maximum of 72 vol% is obtained at M ¼ 95 mass%. This value is larger than those of other two composites (V ¼ 69 vol% in the NZF/PEG composite, V ¼ 54 vol% in the NZF/ER composite). The NZFN/PEG composite have a higher V (74 vol%) than conventional composites prepared using magnetic particles and polymer (40$60 vol%). [4] [5] [6] [7] [8] In Fig. 4(b) , the maximum value of the imaginary part of the relative permeability, 00 r max , in three composites is shown as a function of V. For each V, 00 r max is consistently higher in the NZFN/PEG composite than those of other composites, and the largest value for the NZFN/PEG composite is 00 r max ¼ 5:9 ( 00 r max ¼ 4:0 in the NZF/PEG composite, 00 r max ¼ 3:4 in the NZF/ER composite). This is a direct consequence of V being higher for the NZFN/PEG composites than other composites. And, the frequency dependence of relative permeability in these composites with the highest volume fractions is shown in Fig. 5 . NZFN/PEG composite also shows higher permeability in wide frequency range (from 0.15 to 2.0 GHz) than other composites. SEM images of (a) NZFN/PEG, (b) NZF/PEG and (c) NZF/ER composites are shown if Fig. 6 for the each composite showing the maximum V. In the NZF/PEG and NZF/ER composites, voids between particles are observed. On the other hand, they are not found in the NZFN/PEG composite; therefore, NZFN/PEG composites can be formed a densely-packed microstructure, leading to an increase in V and 00 r max . Finally, the microwave absorption properties of the three composites were evaluated using eqs. (1) and (2). In Fig. 7 , the dependence of the reflection loss (R:L:) on the frequency, f , is shown for (a) the NZFN/PEG composite with V ¼ 72 vol%, (b) the NZF/PEG composite with V ¼ 69 vol% and (c) the NZF/ER composite with V ¼ 54 vol%. All composites achieve an R:L: of less than À20 dB. This occurs at frequencies of 0.62 GHz and 1.35 GHz, 1.59 GHz for each composite, respectively, with the f Ád product of 5.32 GHzÁmm, 10.2 GHzÁmm and 12.3 GHzÁmm, respectively. Therefore, the f Ád product for the NZFN/PEG composite was lower than those of other composites. NZFN/PEG composites with V ¼ 70 and 71 vol% also showed lower f Ád product of 6.03 and 6.39 GHzÁmm.
Then, Fig. 8 shows the relationship between the f m and d m values of three composites (with the highest V) in comparison with those of other microwave absorbers. The NZFN/ PEG composite is located on a line, which indicated smaller f Ád product, than conventional microwave absorbers using spinel-type ferrite. Thus, the NZFN/PEG composites have the potential to become thinner microwave absorption materials.
Conclusions
The NZFN/PEG composites prepared in this investigation have a higher volume fraction of magnetic particles and permeability than the NZF/PEG and NZF/ER composites. Furthermore, the NZFN/PEG composites exhibit good microwave absorption properties with smaller f Ád products than conventional microwave absorber composites using spinel-type ferrite. So, the process of combing surfacemodification with cross-linking is an effective method for increasing the volume fraction of magnetic particles in composites and preparing thinner microwave absorbers. 
